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As the operating room and intensive care settings become
increasingly complex, the required vigilance practitioners must
dedicate to a wide array of clinical systems has increased concor-
dantly. The resulting shortage of available attention to these
various clinical tasks creates a vacuum for the introduction of
systems that can administer well-established goal-directed ther-
apies without significant provider feedback. Recently, there has
been an explosion of academic exploration into creating such
automated systems, with a strong specific focus on hemodynamic
control. Within this field, the largest focus has been on goal-
directed fluid therapy as systems automating vasopressor admin-
istration have only recently become viable options. Our goal in this
review article is to summarize the validity of the relevant goal-
directed hemodynamic systems and explore the expanding role
of automation within these systems.
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Hôpitaux de Paris, 94270, Le Kremlin-Bicêtre, France.
Alexander), joosten-alexandre@hotmail.com, alexandre.joosten@aphp.fr

.

mailto:bsalexander@ucsd.edu
mailto:joosten-alexandre@hotmail.com
mailto:alexandre.joosten@aphp.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpa.2019.04.003&domain=pdf
www.sciencedirect.com/science/journal/15216896
http://www.elsevier.com/locate/bean
https://doi.org/10.1016/j.bpa.2019.04.003
https://doi.org/10.1016/j.bpa.2019.04.003
https://doi.org/10.1016/j.bpa.2019.04.003


B. Alexander et al. / Best Practice & Research Clinical Anaesthesiology 33 (2019) 199e209200
Introduction

One of the fastest changing aspects of perioperative medicine is the relationship anesthesia pro-
viders have with the increasingly complex devices that surround them in the operating room (OR).
Although our field once consisted of a medical practitioner providing ventilation, sedation, and
monitoring through a simple facemask artfully dribbled with ether, it has now evolved into an envi-
ronment where we are surrounded by a wide array of increasingly complex and sophisticated physi-
ological technologies. As a result, many perioperative physicians and practitioners do not completely
understand the devices they rely so heavily upon [1,2]. The theoretical long-term conclusion of this
evolution is perioperative systems that are largely independent of practitioner intervention for
frequent, repetitive actions (relying instead on practitioner input for more high-level goal selection and
navigation of the anesthetic). In theory, the standardization and vigilance gained from such an
arrangement could e just as it has in the airline industryelead to lower complication rates, reduced
patient morbidity and mortality, and lower costs. Although it is an interesting concept to discuss, such
elaborate systems will likely not exist for many decades.

That being said, steps toward automating individual aspects of perioperative patient care are un-
derway and one category receiving large amounts of interest is hemodynamic optimization. The rea-
sons for this particular expansion are plentiful but largely consist of advancements in computing,
development of a plethora of perioperative monitoring devices, evidence-based data-driven protocols,
reduced physician workload, and improved affordability. Automation of hemodynamic control has
mainly been focused on two areas: fluid delivery and vasopressor administration. Significantly more
literature addressing the automation of fluid therapy has been disseminated, as various goal-directed
fluid therapy (GDFT) protocols known to decrease perioperative morbidity have become widely
accepted. Additionally, vasopressor automation is also gaining traction and will likely continue to
expand in the upcoming years. Our goal here is to provide an overview of the recent evidence
addressing various closed-loop systems designed to optimize perioperative hemodynamics.
The rationale for hemodynamic targets and protocols

Before discussing the merits of automation, it is important to first ask if we have something worth
automating. Do the protocols at the backbone of closed-loop systems actually improve our patients’
outcome? The general theory underlying these protocols is that a large proportion of perioperative
complications are related to the imbalance of oxygen supply and demand, which is affected signifi-
cantly by tissue hypo- and hyperperfusion [3]. To avoid such perfusion abnormalities, which are very
difficult to directly quantify, perioperative physicians have subsequently aimed to optimize the best
available hemodynamic surrogates. These include arterial pressure, cardiac function, fluid status, end
organ function, oxygenation, and many other clinical variables known to affect oxygen delivery. Using
these targets, the overarching strategy of goal-directed hemodynamic therapy (GDHT) is to decrease
suspected malperfusion through the clinical optimization of fluid status, vasopressors, and inotropes
[4]. As stated above, the majority of recent hemodynamic optimization literature has been focused on
GDFT and its ability to decrease patient morbidity. Although there has been increased focus on goal-
directed vasopressor and inotrope administration, it will likely still require future academic in-
vestigations to completely rationalize its widespread implementation.

What do the data show regarding both GDFT and GDHT? Fortunately and unfortunately, the
technological and physiological end points used in most studies are updated at an incredible rate.
When examined individually, older literature contains protocols, devices, and/or statistical approaches
that are significantly outdated or irrelevant to modern hemodynamic therapy. When examining
modern data, the overall picture is also slightly blurry. Currently, there is a strong trend toward
improved morbidity, although it may be potentially less-so than previously thought. A large, ran-
domized, prospective trial in 2014 (“OPTIMISE”) indicated that the clinical benefits of GDHT may have
been previously overstated [5]. Interestingly, the same trial, when integrated into a large meta-analysis
of 38 previous trials, demonstrated decreased perioperative morbidity, decreased length of stay (LOS),
and even a strong trend toward a statistically significant decrease in mortality for patients cared for
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with GDHT [5]. Two studies published around the same time also concluded that GDHT may be less
clinically advantageous than that previously believed [6,7], although advances in control groups’
“baseline” fluid therapy may have reduced the impact of protocolization. Additionally, it is worth
clarifying that the strongest data supporting the use of GDHT have largely been in high-risk surgical
patients [8,9], as low-to moderate-risk surgeries require significantly larger sample sizes to demon-
strate meaningful clinical benefit.

Beyond the above-mentioned large meta-analysis in 2014, additional recent evidence has also
emerged in support of establishing GDHT protocols. The most significant of these being a randomized,
multicenter, prospective trial that found a 50% decrease in moderate to severe complications (acute
kidney disease, pulmonary edema, respiratory distress syndrome, wound infections, etc.) and a
decreased length of hospital stay in the GDHT group [10]. The reduction in complications was isolated
to patients undergoing gastrointestinal procedures, although that was 75% of the patient population
included in the study. Other smaller studies have also been recently completed that are worth dis-
cussing. One group from the University of California, Irvine, demonstrated decreased LOS and
morbidity with GDHT implementation through a historical, prospective, quality improvement (QI)
study [11]. In another recent QI study, Jin et al. found decreased morbidity but no decreased 30-day
mortality, LOS, or cost associated with the implementation of a GDFT program using a pre- and
post-implementation comparison [12]. In another match-controlled study, Russo et al. found
decreased fluid administration, increased intraoperative diuresis, lower postoperative lactate levels,
shorter times to bowel recovery, and decreased LOS for surgical gynecologic patients maintained with
GDHT managements, which included both fluid and vasopressor/inotrope support [13]. Finally, Lima
et al. demonstrated that the implementation of a hemodynamic protocol resulted in a significant
decrease in postoperative complications compared to standard-of-care therapy [14].

When solely examining vasopressor administration independent of a fluid therapy protocol, the
evidence is less robust. Importantly, to justify the potential automation of vasopressor administration
systems, it is important to examine the efficacy of manually titrated vasopressor administration.
Although there are multiple previous studies indicating that keeping a patient within a target range is
difficult, quantifying the actual discrepancies has proven to be quite challenging [15e19]. Fortunately,
one group has recently completed such a study at two large international academic centers examining
patients in both the intensive care unit (ICU) and the OR under vasopressor therapy. This study
demonstrated that patients remained only in the desired blood pressure target range for 48% of their
vasopressor administration period, with most patients being kept above the target range (likely allow
for a buffer if provider vigilance diminished) [20].

Moving beyond this unacceptable efficacy of manually titrated vasopressor infusions, there have
been multiple studies highlighting the importance of perioperative blood pressure control in the OR
[18,21e25] and ICU [17,26e29]. The combination of both a demonstrated benefit and a poor provider
control is alarming and clearly justifies the need for further research into the development of novel
systems that can improve vasopressor administration.

When looking at all of these data cohesively, it appears that GDHT protocols do consistently
decrease perioperative morbidity in moderate- and high-risk surgical patients, although conclusive
effects on LOS and mortality still require additional clinical research. Furthermore, there is sufficient
evidence that automating vasopressor administration in the OR and ICU would provide significant
improvements in blood pressure management and potentially patient outcome.

Benefits of automation: increased protocol adherence and decreased variability

Because of the strong evidence of decreased morbidity and moderate evidence for decreased LOS
and mortality, implementation of these GDHT protocols should already be widely accepted in the
anesthesia community. Unfortunately, the amount of moderate-to high-risk anesthetics administered
worldwide that have successfully employed and reported their GDHT results is remarkably limited.
This can be due to many issues, including increased initial workload, cost, clinician acceptance, fear of
computer-physician replacement, and/or internal results not being reported.

What options do we have for improving adherence to these clinically beneficial GDHT protocols?
Additional education is always an option, but this approach is time consuming, and the concepts



B. Alexander et al. / Best Practice & Research Clinical Anaesthesiology 33 (2019) 199e209202
behind GDHT are relatively straightforward and should already be understood by most practicing
clinicians. The necessary technology is already standard in most first-world ORs and ICUs. It is
important to also note that many trials have demonstrated extremely large variability in fluid
administration in the OR and ICU, with extremes of fluid therapy being associated with increased
morbidity [30e32]. This variability is the nemesis of protocolized treatment and has been found to be
largely due to provider-specific preferences and is further complicated by a lack of vigilance and
evidence-based knowledge [33]. Such variability was at the heart of implementing and maintaining
GDHT protocols within various institutions and governments worldwide. Unfortunately, as anyone
who works in a large hospital system can undoubtedly understand, the adherence to these protocols
themselves has large variability and an overall poor compliance [11,34e36]. This is consistently true
even with data-associating improved compliance of enhance recovery after surgery (ERAS) protocols
with decreased LOS, 30-day mortality, and readmission rates [37,38]. It now appears apparent that this
problem of poor adherence to GDHT protocols must be addressed by amore fundamental change in the
perioperative physician's tool belt.

Luckily, as computing has advanced, “automation,” a novel and efficient approach to this problem,
has emerged. The definition of automation in this context includes any system that uses real-time
information to partially or completely guide therapeutic interventions, which includes both closed-
and open-loop technology. Closed-loop systems are completely automated and use input variables
(physiological variables in this context) to change output variables (fluid, vasopressors, and inotropes
in this context) without the required input of clinicians. Open-loop systems do the same task but
require a minimal amount of clinician input before therapies being automatically initiated or adjusted
(e.g., final approval before actually administering the fluid bolus or adjusting the vasopressor infusion
rate). Removing all or most aspects of repetitive provider workload, combined with the incredible
ability for computer systems to never lose vigilance and make thousands of observations and ad-
justments every second, has allowed for vastly improved compliance and decreased variability and is
even starting to independently demonstrate improved outcomes for patients treated with GDHT
systems.

Additionally, closed-loop systems have recently been shown to better maintain a hemodynamic
target within a desired range, through a decrease in overshooting and undershooting of physiological
end points, all while decreasing physician workload and increasing compliance to GDHT protocols
[39,40]. Additionally, closed-loop GDFT systems have been shown to increase cardiac output when
compared to manually adjusted hemodynamic therapy [41].

What do these GDHT systems look like? Typically, there is a computer with input connections to a
patient's hemodynamic data and output connections to one or more protocolized interventions (fluid
therapy, vasopressors, and/or inotropes). As the case progresses, the computer has software that is
constantly (usually many times per second) analyzing the collected data and using well-established
GDHT protocols to adjust the output interventions. In its simplest form, these systems are perfectly
positioned to increase adherence to established GDHT protocols, while also decreasing provider
workload. Fig. 1 presents an OR in Erasme Hospital, Brussels, Belgium, where the entire anesthetic was
managed using several closed-loop systems operating in parallel.

One particularly frequent question perioperative clinicians propose regarding closed-loop tech-
nology is: “Will this automation eventually replace me in the operating room?” In other words,
because of the recent development of extremely sophisticated 21st-century perioperative moni-
toring devices, could closed-loop systems expose the specialty of anesthesiology to substitution by
robots coupled or not with artificial intelligence? As stated elsewhere, our research group feels that a
more appropriate question would be: “What benefit could automation have on my daily clinical
practice and how could this system improve patient care while also mastering mundane clinical
tasks?” We do not yet have a finalized answer to this question, but research on the subject is being
reported at an unprecedented rate. Closed-loop hemodynamic systems that utilize a validated de-
cision support system, implemented alongside the knowledge and expertise of a well-trained
perioperative clinician, will help to ensure that the highest quality of care is being employed
consistently and effectively for all patients. Finally, it is important to keep in mind that the patient,
not the computer, must always come first.



Fig. 1. Presents our operating room in Erasme Hospital, Brussels, Belgium, where the entire anesthetic was managed using several
closed-loop systems operating in parallel.
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Specific potential and realized closed-loop hemodynamic management systems

Fluid therapy

Fluid therapy was actually one of the earliest interventions to be automated by researchers. In the
1970s, a group in Utah linked a fluid pump to an electronic measurement of urine output [42,43]. Since
then, a variety of measures have been used to guide fluid therapy including blood pressure [44,45],
near-infrared spectroscopy [46], dynamic predictors of fluid responsiveness [47], or a combination of
hemodynamic variables [48].

The algorithmic approach used bymany goal-directed fluid therapy (GDFT) protocols [49e51] lends
itself quite naturally to computer implementation. The authors of the present review have performed
multiple clinical studies using such a closed-loop GDFT algorithm and have shown increased protocol
compliance [52e54], decreased length of hospital stay [53], and decreased postoperative complica-
tions [55] in a variety of clinical settings. Table 1 summarizes studies performedwith our recent closed-
loop system for fluid administration.

Many groups are currently working on closed-loop fluid resuscitation algorithms, and this is a space
that is likely to grow rapidly in the coming years [41,56e58]. Other groups are also exploring the co-
application of anesthesia closed-loop systems with fluid management systems [59,60]. These systems
do not yet coordinate actions to work cooperatively but have been shown to function without inter-
ference, an important safety step [59,60]. Finally, closed-loop fluid delivery systems have also been
used as unbiased interventionalists in studies examining the effects of different resuscitation fluids
[61,62]. Table 1 summarizes all the studies performedwith our closed-loop fluid administration system
over the past 8 years.

Vasopressor

Vasopressor administration, having a single “controlled” physiological variable readily measured
with arterial blood pressure, is another intervention that saw early efforts in automation [63e65]. As
stated above, there is a substantial amount of evidence indicating the importance of blood pressure
control in the OR and ICU, while there is also limited evidence that the manual titration of vasopressors
is inefficient and inaccurate [20]. This combination indicates that development of a clinical solution



Table 1
Studies performed with our closed-loop fluid administration system.

Author Pub Date Institution(s) # of Participants Main Findings

Joosten et al. [52] Sept 2018 Erasme University Hospital,
Brussels, Belgium

208 Closed-loop GDFT protocol was
superior in complications and LOS
when compared with no GDFT protocol

Joosten et al. [86] Jun 2018 Erasme University Hospital,
Brussels, Belgium

40 Closed-loop GDFT had similar
cardiovascular endpoints as those of
protocolized fluid therapy

Joosten et al. [59] May 2018 Erasme University Hospital,
Brussels, Belgium

13 Combining closed-loop GDFT with
closed-loop hypnosis/Analgesia is
feasible

Joosten et al. [61] Jan 2018 Erasme University Hospital,
Brussels, Belgium

160 Closed-loop GDFT systems were used to
compare colloid and crystalloid, with
colloid having less morbidity

Lilot et al. [41] Jan 2018 Lyon University Hospital,
Lyon, France

46 Cardiac index increased more in the
closed-loop group versus manual
control, otherwise no differences were
noted

Joosten et al. [60] Dec 2016 Erasme University Hospital,
Brussels, Belgium

1 (case report) Dual closed-loop systems (hypnosis and
GDFT control) are possible

Joosten et al. [54] Jun 2015 University of California,
Irvine, USA

13 Intraoperative closed-loop GDFT
control using a noninvasive advanced
hemodynamic monitoring device is
feasible

Rinehart et al. [53] Mar 2015 University of California,
Irvine, USA

50 The closed-loop GDFT control group
spent more time in a preload
independent state than the manual
GDFT group

Rinehart et al. [87] Mar 2014 CHU Piti�e Salpêtri�ere, Paris,
France and UC Irvine, USA

12 Closed-loop GDFT control is possible
and reproducible

Rinehart et al. [88] Nov 2013 University of California,
Irvine, USA

16 (Porcine) Closed-loop GDFT control during
hemorrhage is effective with low
variability

Rinehart et al. [48] Oct 2012 University of California,
Irvine, USA

NA (Simulation) Closed-loop GDFT control of simulated
patient hemorrhages outperforms
manual control

Rinehart et al. [47] Nov 2011 University of California,
Irvine, USA

NA (Simulation) Closed-loop system is an effective
volumetric resuscitator in simulated
hemorrhage scenarios and improved
physician management of the
simulated hemorrhages.

Pub Date: publication date; NA: Not applicable; GDFT: Goal-directed fluid therapy.
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may be particularly impactful and be the future for blood pressure management in both surgical and
ICU patients [66,67].

There was a slowdown where the medical community lost interest in these systems, but as of the
last 5e8 years, a number of research groups have shown renewed interest. Modern systems are
currently being developed for operating and ICU use [68e70], obstetrics and spinal-induced hypo-
tension [71e73], and septic shock [74]. Moreover, one group in Paris is beginning to analyze the natural
combination of vasopressor plus fluid administration systems with promising results [75].
Cardiac function

Cardiac function has not been as prolifically studied as a topic for closed-loop pharmacological
interventions. This may be a natural result of the types of effects most often sought in cardiac medi-
cation (slowing the rate and increasing inotropy), as many drugs have nonlinear effects and ceiling
effects are common and often occur at low rates. The expected exception to this is implantable cardiac
pacemakers, which are apparently quite advanced and contain many layers of control algorithms
governing their operation [76].
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That being said, there are groups that have explored pharmacological rate control through closed-
loop algorithms [77], particularly in the setting of cardiac stress tests where isoproterenol is often used,
although other drugs have been trialed [78]. Studies have also been performed in inotropes [79,80].
Vasodilator

Vasodilators, such as vasopressors, have a natural and easily monitored control variable in arterial
pressure and was another very early system prototyped [81]. Despite this, relatively few studies have
analyzed vasodilator titration, possibly due to the relative rarity of need for vasodilation drips and the
risk of overtreatment. Two studies studied automatic titration through closed-loop technologies for
intracranial surgery [82] and following open-heart surgery [83].

From closed-loop therapy to predictive therapy

While computers are adept at automatically and quickly reacting to abrupt hemodynamic changes,
they have the potential for even more advantageous functions when paired with predictive analytics.
As computational power continues to expand, recent research has demonstrated that complex algo-
rithms validated with large clinical data sets have the ability to predict periods of hemodynamic
compromise before they occur. One significant approach is a recent study by Hatib et al. demonstrating
that high-resolution analysis of arterial line tracings can be analyzed to produce a variable known as a
“hypotension predictive index.” This index was shown to predict hypotension 15 min before its
occurrence in 84% of hypotensive episodes [84]. Another group also demonstrated the ability of ma-
chine learning to predict postinduction hypotension with similar efficacy [85]. This technique is very
exciting and has the potential to revolutionize the influence that computational systems have on pa-
tient care and outcomes. Outside of the healthcare industry, predictive algorithms work together with
autonomous systems to adjust titration of an output. In the future, it is likely that personalized titration
of drugs will be administered by intelligent systems using data previously gathered from patients with
similar demographics. These systems would be able to more accurately predict the response of a given
patient to specific drugs and use these predictive models within their treatment protocols. This would
allow for true precision medicine. Finally, artificial intelligence and advanced analytics will be used to
better understand the interactions between various closed-loop systems working together and will
help refine the way these systems work.

Summary

In summary, the clinical benefits for establishing and ensuring proper adherence to GDHT protocols
are well established, and automation (closed- and open-loop systems) increases adherence to such
protocols while also decreasing hemodynamic variability. Closed-loop hemodynamic systems have
focused on fluid and vasopressor management, although other interventions have been evaluated.
Finally, novel research systems combining multiple automated systems together and others using
predictive analytics are strong areas of future investigation, although all aspects of automated he-
modynamic systems have a dire need for additional research.
Practice points

� Closed-loop hemodynamic systems are evolving at an unprecedented pace and increase
compliance to goal-directed strategies, although having the potential to improve outcomes
when compared to manually controlled systems.

� Closed-loop systems should be seen as an aid to the clinicians. The authors and developers
of these systems strive to provide solutions to make the perioperative setting ever safer and
more consistent for our patients.



Research agenda

� The major research priorities moving forward would be to increase understanding and
acceptance of closed-loop systems while also testing their safety and efficacy in a wider
variety of hemodynamic (and other) clinical settings.

� The interaction betweenmultiple closed-loop systemswill also be an important hurdle for the
growth of various automated systems.

� Regulatory pathways and acceptance by clinicians are going to be the next challenge.
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